ABSTRACT Unmanned aerial vehicles (UAVs) have found important applications in wireless communications due to their ability for on-demand and swift deployment, high mobility, and high probability of line-of-sight communication link with the ground. For UAV-enabled wireless communications, one of the main use cases is UAV relaying, where UAVs are deployed as flying relays in the sky to provide wireless connections between distant users that do not have reliable direct connectivity. This paper considers a general multiple UAV relaying system, where the information from a source node to a destination node is forwarded through multi-hop UAV relays. We aim to maximize the end-to-end throughput via joint UAV trajectory and transmit power optimization, subject to UAV mobility and collision avoidance constraints, the informationcausality constraints, and the average and peak transmit power constraints of the source and UAV relays. The formulated problem is non-convex and challenging to solve, hence we propose an efficient iterative algorithm to obtain a suboptimal solution based on the alternating maximization and successive convex optimization techniques. Numerical results validate the effectiveness of the proposed algorithm as compared to three benchmark schemes with only transmit power allocation or trajectory optimization.
I. INTRODUCTION
With the advantages of high mobility, on-demand and fast deployment, unmanned aerial vehicles (UAVs) have been extensively used in both military and civilian applications, such as for search and rescue, aerial inspection and surveillance, and packet delivery. Recently, UAVs have also found a wide range of applications in wireless communications [1] - [12] . Besides the fast-growing research interest in academia in UAV-enabled wireless communication techniques, leading companies, such as Facebook and Nokia, have launched their research and development projects on UAV-enabled wireless communications [2] , [3] . Generally speaking, there are three typical use cases for UAVenabled wireless communications [1] . First, UAVs may be deployed as aerial base stations (BSs) to complement the existing terrestrial wireless networks (if any) from the sky to achieve ubiquitous wireless coverage in the serving area. Such applications include traffic offloading from busy base stations or service recovery after nature disasters [4] - [7] .
In the second use case, UAVs serve as aerial relays to provide reliable wireless connection between distant users without direct wireless connectivity [8] . Third, UAVs may also be employed as flying access point for data collection and information dissemination, which has found wide applications for wireless sensor networks and Internet-of-Things (IoT) communications [9] , [10] . This paper focuses on the particular use case of UAV-enabled relaying. There are two types of UAV relays, namely static and mobile-UAV relays. The research on static-UAV relays mainly focuses on enhancing the performances of wireless networks via UAV deployment/placement optimization [13] , [14] . In particular, [13] fixes the flying altitude of the UAV relays and optimizes their horizontal locations to maximize the end-to-end throughput via searching the line-of-sight (LoS) position. [14] provides an analytical approach to optimize the altitude of a static-UAV relay to provide maximum communication reliability. Unlike static-UAV relays, mobile-UAV relays can realize the full potential of UAV-enabled communications by exploiting the UAV's high mobility. With fully controllable UAV mobility, the quality of communication links can be proactively controlled via joint UAV trajectory design, and transmit power allocation [7] - [9] , [15] - [20] . In particular, [8] firstly proposed a general mathematical framework to jointly optimize the UAV trajectory and transmit power allocation of mobile-UAV relays, by assuming decode-and-forward (DF) relaying strategy. To solve the non-convex trajectory optimization problem, a successive convex optimization technique was proposed in [8] by deriving a global lower bound of the rate function. Later on, Zhang et al. [15] studied an amplifyand-forward (AF) UAV relay system, with the objective to minimize the outage probability.
Most existing works such as [8] and [15] consider the scenario of a single UAV relay, which is mainly applicable for moderate communication link distance or not so harsh environment. As the distance between the source and destination nodes increases or the communication environment gets worse, single UAV relay is usually insufficient to provide reliable relaying communication. For example, in a mountainous areas or metropolitan urban environment, the wireless communication links may be easily blocked by mountains/tall buildings, which usually require more UAV relays to provide enough degrees of freedom to resolve such a link blockage problem. This thus motivates the deployment of multiple UAVs as multi-hop relays to enable long-distance communications. The application scenarios of multi-hop UAV relaying systems include disaster areas where communication infrastructures have been destroyed, uninhabited desert or sea where commercial wireless networks have not covered, and so on. For multi-hop UAV relaying system, improving the end-to-end throughput between the source and the destination is one of the main issues to address. To the best of our knowledge, this problem has not been studied in existing literature.
In this paper, we study a general multi-hop UAV relaying communication system as shown in Fig. 1 , where multiple UAVs are employed as aerial relays to assist the information transmission from the source to the destination both on the ground. We jointly design the trajectories of all UAVs and transmit power allocation of the source and the UAVs, to maximize the end-to-end throughput, subject to the maximum UAV speed constraints, initial and final location constraints, the collision avoidance constraints of the UAVs, as well as the information-causality constraints of the multi-hop relaying process [8] . The formulated optimization problem is non-convex and has coupled trajectory and transmit power variables, whose globally optimal solution is difficult to be obtained. To tackle this difficulty, we propose an efficient algorithm by applying the alternating optimization method to find a suboptimal solution. Specifically, we partition the optimization variables into two blocks, one for transmit power allocation and the other for UAV trajectory optimization. The two blocks of variables are optimized alternately, i.e., in each iteration one block is optimized with the other block fixed and vice versa. However, the subproblem for trajectory optimization with fixed power allocation is still difficult to solve due to its non-convexity. Fortunately, by applying the successive convex optimization technique, we propose an efficient method to find an approximate solution to it. The proposed algorithm solves these two subproblems iteratively until convergence. Numerical results show that the proposed joint trajectory design and transmit power allocation algorithm can significantly improve the end-to-end throughput of the multi-hop UAV relaying system, as compared to benchmark schemes without applying trajectory optimization or transmit power allocation.
It is worth noting that [21] also considers multi-hop UAV wireless communications, where an aerial backhaul scheme is proposed, which utilizes UAVs as an on-demand flying network connecting the ground small base station and the core network. The proposed scheme seeks to form a multi-hop backhaul network by UAVs via a network formation game. In addition, [22] forms a meshed airborne communication network by a large number of UAVs. However, these previous works do not consider enhancing end-to-end throughput of the multi-hop UAV relaying system via joint trajectory and power allocation optimization for the UAVs, as pursued in our work.
The remainder of this paper is organized as follows. Section II gives the system model and problem formulation. Section III presents the proposed joint trajectory optimization and transmit power allocation algorithm. Section IV provides simulation results to validate the performance of the proposed algorithm as compared to three benchmark schemes. Finally, Section V concludes this paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL between the source and destination is large and/or when there are severe blocking obstacles between them. The M UAV relays, denoted by the set M {1, . . . , M }, are employed to assist the information transmission from the source to the destination in a multi-hop manner: the source sends data to the 1st UAV relay, and then the 1st UAV relay sends data to the 2nd UAV relay, and so on, until the M th UAV relay sends data to the destination [22] . The considered multi-hop UAV relay system can be applied in several scenarios. For example, in a disaster area where communication infrastructures have been destroyed, a rescuer as a source node can transmit multimedia information to the command center as a destination node located far away via multi-hop UAV relaying.
Without loss of generality, we assume that the source and the destination are located at [ 
in meters (m) denote their horizontal coordinates, respectively. In practice, the exact locations of the source and the destination can be obtained by using techniques like global positioning system (GPS) beforehand. All UAVs are assumed to fly at the same altitude H in m, which could correspond to the minimum altitude required for terrain and building avoidance [8] , [17] . Thus, the coordinate of the mth UAV at time t can be denoted as
T denotes the horizontal coordinate of the mth UAV at time t and T is the predetermined flight duration of the UAVs. To facilitate UAV trajectory optimization, we divide the flight duration T into N time slots with equal length, i.e., T = Nd t , where d t is the length of each time slot. Note that d t is chosen to be sufficiently small so that distances between UAVs and ground nodes are approximately constant within each time slot. Therefore, the trajectory of the mth UAV can be approximated as 
where · denotes the Euclidean norm. Moreover, the collision avoidance constraints for the UAVs are modeled as
where d min denotes the minimum distance that needs to be guaranteed between any two UAVs. As the LoS model offers a good approximation for practical UAV-ground and UAV-UAV communications [7] , [8] , [18] , [19] , we assume that the wireless channels from the source to the 1st UAV relay, from the mth UAV relay to the (m + 1)th UAV relay, and from the M th UAV relay to the destination are dominated by LoS links. Thus, the power gain of the channel from the source to the 1st UAV relay in slot n follows the free-space path loss model as
where β 0 denotes the power gain of a wireless channel at the reference distance d 0 = 1 m, and
is the distance between the source and the 1st UAV in time slot n. Similarly, the power gains of the channels from the mth UAV relay to the (m + 1)th UAV relay (m = 1, . . . , M − 1) and from the M th UAV relay to the destination in time slot n are respectively given by
Denote the transmit powers of the source and the mth UAV relay, m ∈ M, in time slot n as P s [n] and P m [n], respectively, which are subject to both average power and peak power constraints. Specifically, we have
and
whereP s andP m denote the average power limit of the source and the mth UAV, respectively, and P s,max and P m,max denote their peak power limit. Without loss of generality, we assume thatP s < P s,max andP m < P m,max , since otherwise, the average power constraint is always guaranteed and hence redundant. The achievable rate from the source to the 1st UAV relay in bits/second/Hz (bps/Hz) in time slot n can be expressed as
where σ 2 is the additive white Gaussian noise (AWGN) power at the receiver and γ 0 = β 0 /σ 2 is the reference signalto-noise ratio (SNR). Similarly, the achievable rates from the mth UAV relay to the (m+1)th UAV relay, m = 1, . . . , M −1, and from the M th UAV relay to the destination in bps/Hz in time slot n can be expressed as
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We assume that each UAV relay is equipped with a data buffer of sufficiently large size and it applies the DF strategy with equal bandwidth allocated for information reception and transmission. Moreover, we utilize the frequency reuse technique in the multi-hop relay process [23] , for which the total spectrum is divided into J ≤ M orthogonal channels. Channel 1 is allocated to the 1st hop (from the source to the 1st UAV relay), and channel 2 is allocated to the 2nd hop (from the 1st UAV relay to the 2nd UAV relay), and so on. If J < M , channel 1 will be reused in the (J + 1)th hop, and channel 2 will be reused in the (J + 2)th hop, and so on. Note that J is set appropriately to ensure that the distances between the hops reusing the same channel are large enough and thus the co-channel interference is negligible. The multi-hop relaying process is subject to the informationcausality constraints [8] , i.e., in each time slot, the 1st relay can only forward the data that has already been received from the source. Similarly, the (m + 1)th relay can only forward the data that has been received from the mth relay. By assuming that the processing delay at each relay is one time slot, the information-causality constraints of the multihop relaying process can be written as
Note that the data forwarding delay from the source to the destination via M UAV relays is M time slots, so the source should not transmit in the last M time slots. Moreover, for m = 1, . . . , M − 1, because the data forwarding delays from the source to the mth relay and from the mth relay to the destination are m and (M −m) time slots, respectively, thus the mth relay should not forward data in the first m time slots and in the last (M − m) time slots. Hence, we have extra transmit power constraints on the source and the UAV relays, which are given below
With the information-causality constraints (11)- (13), the end-to-end throughput from the source to the destination is limited by the achievable rate from the M th UAV relay to the destination. Therefore, the average end-to-end throughput from the source to the destination in bps/Hz normalized by bandwidth can be written aŝ
Our goal is to maximize the end-to-end throughput from the source to the destination in (17) subject to UAV the mobility constraints in (1), the collision avoidance constraints in (2), the transmit power constraints of the source and UAV relays in (6), (7), and (14)- (16), as well as the informationcausality constraints in (11)- (13) . The optimization variables include the transmit power of the source and the UAV relays over all time slots (17), the problem can be formulated as (2), (6), (7), (11) 
Since the constraints in (11)- (13) are non-convex and the objective function is non-concave, problem (P1) is a nonconvex optimization problem and is difficult to be solved optimally. In the next section, we propose an efficient algorithm to obtain a suboptimal solution to problem (P1).
III. JOINT TRAJECTORY AND TRANSMIT POWER OPTIMIZATION
In this section, we solve problem (P1) by utilizing the alternating maximization method. The basic procedures of the proposed algorithm are as follows. First, we partition the entire optimization variables of problem (P1) into two blocks, namely the transmit power allocation variables P s and {P m }, and the trajectory variables {q m }. Second, we optimize one block of variables at each iteration while keeping the other block fixed. Specifically, we solve the following two subproblems in an iterative manner: subproblem 1 optimizes the transmit power of the source and the UAVs, i.e., optimizing P s and {P m } with the given UAV trajectories {q m }; while subproblem 2 optimizes the UAV trajectories {q m } with fixed transmit power P s and {P m }. These two subproblems are solved in an alternating manner iteratively until the algorithm converges.
A. SUBPROBLEM 1: TRANSMIT POWER OPTIMIZATION WITH FIXED UAV TRAJECTORIES
For convenience, we first define
Under the given UAV trajectory {q m }, ∀m, we express subproblem 1 as (P2) max 
, (7), (14) − (16).
It can be shown that there exists one optimal solution to problem (P3) such that all constraints (23e)-(23g) are satisfied with equality. To see this, suppose that for some n ∈ {1, . . . , N }, P 1 [n ] is an optimal solution to (P3) such that the constraint in (23e) is satisfied with strict inequality. We can always find a solutionP 1 [n ], withP 1 [n ] < P 1 [n ], such that (23e) is satisfied with equality without decreasing the objective value of (P3). In this sense,P 1 [n ] is also an optimal solution to problem (P3). Similar arguments hold for other constraints (23f) and (23g). As a result, (P3) is equivalent to (P2). Furthermore, it is not difficult to see that (P3) is a convex optimization problem, which can be optimally solved by the interior-point method or existing convex optimization toolbox such as CVX [25] .
B. SUBPROBLEM 2: TRAJECTORY OPTIMIZATION WITH FIXED TRANSMIT POWER
In this subsection, we consider the subproblem for UAV trajectory optimization with the given transmit power. Let
With given transmit power P s and {P m }, subproblem 2 can be expressed as (P4) max 
Similar to subproblem 1, it can be shown that there exits an optimal solution to problem (P5) such that the constraints (26e)-(26g) are achieved with equalities. As a result, problems (P4) and (P5) are equivalent. Hence, we can obtain the optimal solution to problem (P4) by solving problem (P5). However, since the terms
in (26b), (26e), (26f), (26g), and (26h) are non-concave with respect to {q m }, problem (P5) is non-convex and is still difficult to be solved optimally.
In the following, we develop an efficient algorithm to obtain an approximate solution to problem (P5) based on the successive convex optimization method. The algorithm successively maximizes a concave lower bound of the objective function of (P5) within a convex feasible region until it converges, which is detailed as follows. Since the algorithm runs in an iterative manner, without loss of generality, we consider the (l +1)th iteration. 
where 
where
.
(35) 
By replacing the terms R( (26f), (26g) , and (26h) with their respective lower bounds given in (27), (30), (31), and (36), we formulate an approximate problem of (P5) as follows (P6) max
Problem (P6) is a convex optimization problem, which can be optimally solved by the interior-point method or existing toolbox such as CVX [25] . Since the constraints (37b), (37e), (37f), (37g), and (37h) of problem (P6) can imply the constraints (26b), (26e), (26f), (26g), and (26h) of problem (P5), the obtained solution by solving problem (P6) is guaranteed to be a feasible solution to problem (P5), but the reverse does not hold in general. Therefore, the optimal objective value of the approximate problem (P6) in general serves as a lower bound of that of problem (P5). Moreover, since the equalities in (27), (30), (31), and (36) hold only at {q l m [n]}, the objective value of problem (P5) with the solution obtained by solving problem (P6) must be no smaller than that with the solution {q l m [n]}.
C. OVERALL ALGORITHM
In summary, the proposed overall algorithm can find a suboptimal solution to problem (P1) by solving subproblems 1 and 2 alternately in an iterative manner, which is summarized in Algorithm 1. As shown in the previous two subsections, the objective value of problem (P1) with the solutions obtained by solving problems (P3) and (P6) are nondecreasing over iterations, and the objective value of problem (P1) must be finite. Therefore, the proposed algorithm is guaranteed to converge. The computational complexity of Algorithm 1 is O[N ite (MN ) 3.5 ], where N ite denotes the iteration number of Algorithm 1. Solve problem (P3) with given {q l m }. Denote the obtained solution as {P l+1 m } and P l+1 s .
4:
Solve problem (P6) with given {P l+1 m }, P l+1 s , {q l m }. Denote the obtained solution as {q l+1 m }.
5:
Update l = l + 1. 6: until The fractional increase of the end-to-end throughput is smaller than a given threshold > 0.
IV. SIMULATION RESULTS
In this section, we provide simulation results to verify the performance of our proposed joint trajectory and transmit power optimization scheme (denoted as ''joint traj. opt. & pow. alloc.''), as compared to the following three benchmark schemes:
• Trajectory optimization without transmit power allocation (denoted as '' traj. opt. w/o pow. alloc.'') scheme. In this scheme, the transmit powers of the source and all UAVs are allocated equally over time, i.e., P s [n] =P s , P m [n] =P m , ∀n, m, and the trajectories of the UAVs are obtained by solving problem (P6) iteratively until convergence.
• Line-segment trajectory with optimal transmit power allocation (denoted as ''line traj. w/ pow. alloc.'') scheme. This scheme finds M points equally spaced along the line connecting the source and the destination, where these M points are numbered from the source to the destination sequentially as point 1, point 2, . . . , point M . For m ∈ M, UAV m flies to the location above point m with its maximum speed, then remains stationary at that location if flight duration T is long enough, and lastly flies with the maximum speed to reach its final location by the end of the last time slot. If T is not sufficiently long enough for UAV m to reach the location above point m, it will turn at a certain midway point and then fly to the final location at its maximum speed. Thus, the UAV trajectories obtained by this scheme are composed of line segments.
• Static relay scheme. In this scheme, UAVs 1, . . . , M remain static at points 1, . . . , M that are determined in the ''line traj. w/ pow. alloc.'' scheme, and the transmit powers of the source and all UAVs are set as constant over time, i.e.,
In the simulations, the distance between the source and the destination is set as 2000 m, and the coordinates of the source and the destination are set as alloc.'' scheme is closer to the destination than that by the benchmark ''traj. opt. w/o pow. alloc.'' scheme. Second, by the proposed ''joint traj. opt. & pow. alloc.'' scheme, UAV 1 takes an arc path in order to get as close to the source as possible when it flies to the final location, and UAV 2 takes an arc path at the beginning of its flight. By contrast, with the benchmark ''traj. opt. w/o pow. alloc.'' scheme, UAV 1 and 2 take relatively straight paths. These differences well demonstrate that the proposed scheme can strike a better balance among the links for the three hops, namely from the source to UAV 1, from UAV 1 to UAV 2, and from UAV 2 to the destination, by adjusting the UAV trajectory and transmit power jointly. Fig. 4 shows the trajectories of the UAVs when T increases to T = 400 s. The trends of the UAV trajectories by the proposed ''joint traj. opt. & pow. alloc.'' scheme and the benchmark ''traj. opt. w/o pow. alloc.'' scheme are similar. UAV 1 first flies towards the source and slows down to reach the location right above the source, then flies along the straight line connecting the source and destination with its maximum speed and turns at a point near [1700, 0, 100] T m, and finally flies with its maximum speed to the final location in an arc path that makes it closer to the source. UAV 2 flies with its maximum speed to the point near [300, 0, 100] T m in an arc path that makes it closer to the destination, then flies along the line connecting the source and destination with its maximum speed towards the destination and slows down to reach the location right above the destination, and finally flies directly to the final location with its maximum speed. The differences between these two schemes are in two aspects. First, the time lengths that UAV 1 stays at the location right above the source and UAV 2 stays at the location right above the destination by the proposed ''joint traj. opt. & pow. alloc.'' scheme are longer than that by the benchmark ''traj. opt. w/o pow. alloc.'' scheme. Second, the curvatures of the arc paths along which UAV 1 flies to the final location and UAV 2 departs from the initial location by the proposed ''joint traj. opt. & pow. alloc.'' scheme are larger than that by the benchmark ''traj. opt. w/o pow. alloc.'' scheme. The corresponding transmit power allocations of the source and the UAV relays over time by the proposed ''joint traj. opt. & pow. alloc.'' scheme whenP = 10 dBm is shown in Fig. 5 . The results show that in order to maximize the end-to-end throughput, the proposed scheme can strike a balance among the links from the source to UAV 1, from UAV 1 to UAV 2, and from UAV 2 to the destination with more degrees of freedom, since it can optimize UAV trajectory and transmit power jointly; while the benchmark scheme has fewer degrees of freedom and can only achieve such a balance by optimizing the UAV trajectory only.
At last, we show the throughput performances of different schemes. Fig. 6 shows the end-to-end throughputs of different schemes versus flight duration T withP = 0 dBm and P = 10 dBm. It is observed that the throughputs of all schemes increase with T except the static relay scheme. This is expected since the static relay scheme does not change the locations of UAV relays and the transmit powers, and thus cannot achieve the throughput performance gain brought by the mobility of UAVs. In addition, the throughput of the proposed ''joint traj. opt. & pow. alloc.'' scheme always outperforms the benchmark ''traj. opt. w/o pow. alloc.'' and ''line traj. w/ pow. alloc.'' schemes. The proposed scheme has lower throughput than the static relay scheme when T < 220 s (P = 10 dBm) and T < 150 s (P = 0 dBm) because the static relay scheme does not have the initial and final location constraints and the UAV relays by this scheme does not need to waste time in departing from the initial location and reaching the final location. The proposed ''joint traj. opt. & pow. alloc.'' scheme outperforms the static relay scheme when T > 220 s (P = 10 dBm) and T > 150 s (P = 0 dBm). It is also observed that the throughputs of the ''line traj. w/ pow. alloc.'' scheme are saturated when T ≥ 250 s. This is because as T increases, the ''joint traj. opt. & pow. alloc.'' and ''traj. opt. w/o pow. alloc.'' schemes have more degrees of freedom on trajectory design to optimize the throughput, but the ''line traj. w/ pow. alloc.'' scheme fails to utilize the increased degrees of freedom. The above results demonstrate the importance of joint trajectory and transmit power optimization in maximizing the throughput of the multi-hop UAV relaying system.
V. CONCLUSION
In this paper, we considered a new multi-hop relaying system setup, where multiple UAVs serve as aerial relays to assist the communications between the ground nodes. We investigated the problem to maximize the end-to-end throughput performance of the system by jointly optimizing the trajectories of the UAV relays and the transmit powers of the source and the UAV relays, subject to the mobility constraints of the UAVs, the information causality constraints of multihop relaying, and the average and peak transmit power constraints of the source and the UAV relays. We proposed an efficient iterative algorithm to solve the formulated problem, by utilizing the alternating maximization and the successive convex optimization techniques. Simulation results have demonstrated that the proposed algorithm significantly outperforms three benchmark algorithms with only trajectory optimization or transmit power allocation. MIAO 
